systems (Karakhanian et al. 2002; Neill et al. 2013) . Recent geochemical analyses demonstrate a subduction-112 modified sub-continental lithospheric source (Sugden et al. 2019 ). Magmatism largely post-dates break-off of one 113 or more Neo-Tethyan slabs and therefore is likely to be driven by combinations of long-lived mantle upwelling due 114
to break-off, sub-lithospheric convection and lithospheric thinning, and petrological considerations such as melting 115 due to lithospheric mantle crossing the amphibole peridotite solidus at depths of ~70-90 km within the lithosphere 116 (Neill et al. 2015 ; Sugden et al. 2019) . 117 118
There are hundreds of Quaternary vents and fissures built up into ridges and plateaux related to faults across 119
Armenia. These include the Javakheti Ridge which extends into Georgia, related to extensional tectonics north of 120 the PSSF (Neill et al. 2013 ); the Gegham Ridge in Gegharkunik Province which directly overlies the Garni Fault; 121 (Karakhanian et al. 2002) ; and Porak volcano and the Karkar monogenetic volcanic field in Syunik Province in the 122 SE. The last two of these lies along the Syunik branch of the PSSF that extends directly N-S from Lake Sevan 123 (Karakhanian et al. 1997; 2002) . Much larger stratovolcanoes and related monogenetic cones have also been 124 constructed during the Late Cenozoic, including Aragats (Armenia's highest peak at 4090 m), Arailer just to the 125 east of Aragats, and Tskhouk and Ishkanasar just south of Karkar (Gevorgyan et al. 2018; Meliksetian 2013 ). There 126 are also some isolated monogenetic centres such as Vayots Sar and Smbatassar which may be spatially related to 127 unmapped faults ( Fig. 1) . 128 129
An estimate of future potential for volcanic activity is far from complete, in part because published peer-reviewed 130 radiometric dating of Holocene volcanism is patchy. Two volcanic cones south of Karkar provided near-zero 131 40 Ar/ 30 Ar ages which might be interpreted as Holocene (Ollivier et al. 2010) . A further geomorphologically very 132
fresh cone suspected to be of Holocene age, Smbatassar, 55 km west of Karkar, did not produce detectable 133
radiogenic Ar (Koppers and Miggins personal communication 2018; Karakhanian et al. 2002) . Aside from the new 134 40 Ar/ 39 Ar data reported here there is an 40 Ar/ 39 Ar date of 3.7 ± 4.2 ka (2σ), yet to be peer-reviewed, from a flow at 135
the Porak volcano some 40 km north of Karkar on the same segment of the PSSF ). 136
Otherwise, archaeological and geomorphological evidence has been used several times to argue for Holocene 137 volcanic activity by Karakhanian et al. (1997; 2002) and Karakhanian and Abgaryan (2004) . They document at 138 least two eruptions at Porak and two or more at Karkar during the Holocene, with evidence including: (1) fresh 139 volcanic cones and flows which have no evidence of glacial erosion; (2) manuscript records, cuneiform inscriptions 140
and rock carvings which have been interpreted to depict volcanic activity, often coinciding with strong earthquakes 141 and periods of conflict or social upheaval and (3) 14 C dating of archaeological sites deemed to be affected by later 142 volcanic activity. Finally, some permanent and temporary passive seismic stations near Gegham Ridge (Fig. 1)  143 have begun picking seismic swarms of volcano-tectonic origin, consistent with an active magma chamber at ~20 144 km depth (Sargsyan et al. 2017 ). In summary, there is now a pressing need for corroboration of Holocene volcanic 145 activity, both from a volcanic hazard perspective, and in preparation for sustainable exploitation of geothermal 146 sources, especially given high heat flow and magmatic fluid sources reported from thermal springs across Armenia 147 (Meliksetian et al. 2017 the monzonite was part of a series of shallow syenite domes or plugs, but they have never been precisely dated and 176 are currently recorded as 'Neogene-Quaternary' (Fig. 3) . Much of the local area is further underlain by an alkaline 177 granitoid body or bodies collectively called the Dalidagh intrusion (GeoRisk, 2012 Koppers and Miggins at the OSU geochronology lab, will be reported in full in a separate publication (Balasanyan 239 et al., 2019, submitted). The recent lavas erupted from fissures with limited morphological expression ( Fig. 4a ) but 240 demonstrate a clear N-S alignment of fissure sites (Figure 2a ). In the south of the field area, fountaining behaviour 241 built up cones of moderately scoriaceous agglomerate transiting to blocks with up to 50 m prominence (summits of 242
Paytasar and Nazeli; Fig. 4b ). Only weakly constrained by existing topography, the contemporary lavas have flowed 243 between 1.5 and 8.5 km from source, the longest and most voluminous emitting from the summit of Paytasar (~77 x 244 10 6 m 3 ). Remote sensing reveals several hundred-metre long ogives intersected by linear cooling cracks, and there 245 are occasional crease structures a few m deep visible on the ground (Fig. 4c ). The lava flows range from weakly 246 vesicular to slightly scoriaceous a'a to blocky type, with the majority of surfaces broken up into large dm-to m-scale 247
blocks. Exposure is insufficient to appreciate more of the feeder system, but it is likely the magmas ascended in dyke-248 like fashion via existing fault planes or fractures. These formed in relation to the afore-mentioned pull-apart structure 249 between different branches of the PSSF. A total volume estimate for erupted Holocene lavas at Karkar is ~342 The majority of samples are fresh mafic to intermediate porphyritic lavas, mostly seriate-textured (Figs 4d-f).
263
Lavas were preferentially sampled for comparatively low vesicularity (1-10 %; Table 1 ) but more vesicular and 264 scoriaceous materials are often found in the field, sometimes with white clay or calcite amygdales. The groundmass 265 ranges from hypo-to holocrystalline in texture with ~0.25 mm grain size, excepting sample K16-7 which has up to 266 1 mm grain size in places. The groundmass is typically hyalopilitic, dominated by weakly-aligned plagioclase 267 feldspar with subordinate clinopyroxene, oxides, apatite ± amphibole. Phenocrysts and glomerocrysts vary in 268 abundance (5-20 %) and size (0.5 -5 mm). In the youngest samples (K16-4 through 7), amphibole is the dominant 269 phenocryst, with extensive oxide rims. Subordinate plagioclase and clinopyroxene phenocrysts are also present. 270
The older samples (K16-1 through 3) contain varying proportions of plagioclase, clinopyroxene or orthopyroxene 271 phenocrysts and only in K16-1 is a small proportion of amphibole present. Plagioclase is often optically zoned, and 272 sieve textured. Ruby-coloured groundmass iddingsite may be evidence for the former presence of olivine. The 273
glomerocrysts typically comprise monomineralic clots of clinopyroxene or plagioclase, or polymineralic clots of 274 these two minerals, clinopyroxene having crystallised earliest. The glomerocrysts are taken as evidence for the 275 dislodging of cumulate piles within one or more crustal staging chambers prior to or during eruption. No xenoliths, 276 mafic enclaves, or glomerocrysts larger than a few mm were found. was extracted from samples via step-heating using a mid-infrared (10.6 µm) CO2 laser with a non-gaussian, 297
uniform energy profile and a 3.5 mm beam diameter rastered over the sample well. The samples were housed in a 298
doubly pumped ZnS-window laser cell and loaded into a copper planchette containing four 2.56 cm 2 wells. 299
Liberated argon was purified of active gases, e.g., CO2, H2O, H2, N2, CH4, using three Zr-Al getters; one at 16°C 300 and two at 400°C. Data were collected on a Mass Analyser Products MAP-215-50 single-collector mass 301 spectrometer using an electron multiplier collector in dynamic collection (peak hopping) mode. Time-intensity 302 data were regressed to inlet time with second-order polynomial fits to the data. The average total system blank for 303 laser extractions, measured between each sample run, was 4.8 ± 0.1×10 -15 mol 40 Ar, 12.3 ± 0.9×10 -17 mol 39 Ar, and 304
1.9 ± 0.2×10 -17 mol 36 Ar. Mass discrimination was monitored daily, between and within sample runs, by analysis of 305
an air standard aliquot delivered by an automated pipette. The seven samples all provided successful duplicate runs from which plateaux could be generated according to the 342 criteria outlined in Section 4 ( Table 2 ). The oldest sampled lava flow from the underlying volcanic units was dated 343 to 332 ± 9 ka (plateau, K16-1), corresponding to the Middle Pleistocene. Flows immediately underlying the 344 youngest activity have plateau ages of 152 ± 12 and 86 ± 10 ka (K16-2 and K16-3, respectively). The remaining 345
four samples, K16-4 through 7, provided Latest Pleistocene to Holocene ages ranging from K16-5 (plateau 14 ± 4 346 ka, isochron 16 ± 5 ka) to K16-7 (plateau 9 ± 3 ka, isochron 6 ± 3 ka) ( Figure 5 ). These youngest ages correspond 347
with the stratigraphic relationships between flows as observed in the field. Eruptive centres are clearly visible on 348 satellite imagery and follow an obvious NNW-SSE trend parallel to the strike of the local fault trends (Figure 2a) . 349
There is one discrepancy between the stratigraphic order of the older samples and the map developed by the 350
Institute for Geological Sciences. K16-2 is marked on Figure 2b as the first of the Holocene flows, but produced a 351
late Middle Pleistocene plateau age. The location of K16-2 ( Figure 2a ) also appears to have more pronounced 352 topographic expression and slightly better exposure compared to the subdued topography and poorer exposure of 353 K16-3 (Figure 2a ), implying that K16-3 should be the older of the two. However, K16-3 has a significantly 354 younger plateau age dating it to the early Late Pleistocene, a discrepancy which does not appear related to the 355 quality of the samples (Supplementary Item 1). One possible explanation for the greater extent of turf cover on the 356 apparently younger dated sample (K16-3) is that the region of K16-3 has experienced downthrow since ~86 ka due 357
to fault motion, leaving it prone to ponding of water and greater vegetative cover. The Holocene lavas may also 358 have dammed Sev Lich, resulting in a wetter environment to the east of the younger lavas. The results from K16-7, 359
Greenlandian to Northgrippian of the Holocene, also tally well with ages obtained from flows of the Karkar 360 monogenetic field by cosmogenic 3 He dating, of 9.4 ± 2.4 ka and 5.2 ± 0.8 ka (2). These were reported by 361
Avagyan The Karkar Group samples are alkaline ( Figure 6a ) and shoshonitic (Figure 6b) Chondrite-normalised plots (Figure 6c) 6 . a) Total alkali-silica plot after Le Bas et al. (1986) showing Syunik (southern Armenia) and Shirak/Lori 406 (northern Armenia) fields after Sugden et al. (2019) . b) K2O vs. silica classification plot after Peccerillo and Taylor 407 (1976) . c) Chondrite-normalised plot using normalisation of McDonough and Sun (1995) . d) Primitive Mantle-408 normalised plot using normalisation of Sun and McDonough (1989 The two element maps from K16-2 (Pleistocene) and K16-6 (Holocene) are shown in Figure 7 along with extracted 415 plagioclase anorthite proportions and pyroxene CaO wt.% concentrations from several transects. Additionally, 416
plagioclase anorthite contents in a single line scan of K16-2 oscillated between An40-An46, and a range of 417 plagioclases included close to the margins of analysed clinopyroxene crystals also typically ranged from An35-An57. 418
The element map for K16-2 shows extensive zoning and sieve texturing in the large plagioclase crystals, as well as 419 the growth of a very thin and sharp outer rim beyond the sieve texturing which is of higher anorthite content than 420 the rest of the crystals. Unfortunately, the textural disruption of these zones' crystals prevented diffusion modelling 421 work, and no orthopyroxenes (e.g. Chamberlain et al. 2014) were analysed. The mapped clinopyroxene 422
glomerocryst in K16-6 shows little visual compositional variation or layering, but multiple transects reveal 423 oscillatory zoning with no overall pattern from core to rim. The patterns shown in K16-2 are consistent with 424 recharge and fractional crystallisation in a magma reservoir followed by equilibration with a higher CaO melt, 425
probably during mixing and final ascent, but it is clear that not all crystals have picked up these patterns and that 426 some are likely to be antecrystic in origin. Microprobe time was also briefly used to gather compositional data from the cores of clinopyroxene phenocrysts 437
and some larger groundmass grains. We applied the CpxBar Excel spreadsheet of Nimis (2000) , based on Nimis 438
(1999), to calculate approximate pressures of crystallisation in K16-2 (Pleistocene) and K16-5 and 6 (Latest 439
Pleistocene-Holocene). The specific calibration used in CpxBar was one intended for moderately alkaline magmas, 440
although it is highly sensitive in inverse proportion to temperature and requires T as an independent input. In the 441 absence of our own thermometry data we followed Sugden et al. (2019) , who proposed that the southern Lesser 442
Caucasus magmas were generated at ~1200°C in the mantle lithosphere. Using the slope of the mantle adiabat, we 443 assume magmas would be erupted at ~1150°C without additional cooling in the crust. Using 1150°C as the input 444 value for T provided a cluster of pressures of between 1.5-2.5 ± 2 kbar, very roughly equating to 5-9 km depth, discrepancy between the 40 Ar/ 39 Ar and cosmogenic ages for Nazeli and the 14 C age reported in Karakhanian et al. 503 (2002) . 504 505
It is pertinent to query whether this 'active' volcanism presents material hazards to the local region. The edifices 506
and fissures are spatially entirely restricted to fault zones undergoing active extension (Karakhanian et al. 1997) 507 and the most common eruptive mode is for one or two effusive to weakly pyroclastic events to occur in a volcanic 508
cycle. Lava volumes appear to be small (in the order of <<0.1 km 3 per flow) and most flows only travel a few km. 509
Lava inundation should be nevertheless be considered in natural hazard assessments and preparations. Relevant 510 sites would include the immediate vicinity of any new or existing geothermal infrastructure at Karkar or future 511 infrastructure at Porak, the main Armenia-Iran highway south of Yeghednadzor near to Vayots Sar and Smbatassar, 512
and Vardenis town and surrounding villages and roads on the northern flank of Porak. We will discuss Porak, 513
Vayots Sar and Smbatassar in more detail in future communications. 514 515
6.2. Petrogenesis of the Karkar magmas 516 517
The current hypothesis for magma genesis beneath the South Caucasus involves sources within the mantle 518
lithosphere. Sugden et al. (2019) argued that in the south of Armenia, where the lithospheric thickness is >100 km, 519
melting has taken place due to a dehydration reaction as thickened, subduction-modified lithosphere crosses the 520 amphibole peridotite solidus. This is an application of a model that may be more widely applicable for the 521 generation of mafic melts in active collision zones (Allen et al. 2013). Predictably given the short eruption 522 timescale, the youngest samples do not define meaningful evolutionary trends on the total alkali-silica diagram 523
( Fig. 6a ) and even the older samples cluster together despite having an age range of ~250 ka. The youngest samples 524
are the most mafic (~53 wt.% SiO 2), but only contain 3-4 wt.% MgO so if derived from an ultramafic parent will 525
have fractionated at least olivine, clinopyroxene ± amphibole ± plagioclase and would require very imprecise back-526 projection for petrogenetic calculations. As such, we have not attempted to model the source and partial melting 527
conditions of the Karkar lavas further. Suffice to note, their typical 'spiky', light REE-enriched normalised patterns 528
with negative Nb-Ta anomalies (Fig. 6d ) are entirely consistent with the proposed source of magmas across 529
Armenia (Sugden et al. 2019 ). Comparatively steep heavy REE patterns (Fig. 6c) should be pointed out that crustal contamination is a moderately rare feature of Quaternary Armenian magmatism 560
as determined by isotopic studies (Neill et al., 2015; Sugden et al. 2019 ) and therefore an alternative explanation 561 may be possible. We suggest that the mantle source(s) of magmatism become progressively depleted and 562 dehydrated over the last ~0.3 Myr, and therefore less concentrated in subduction-mobile elements such as Rb and 563
Th. The effect of this progression would be to lower Th/Yb ratios and Rb in the youngest samples. As the mantle 564 progressively dehydrates, a smaller degree of partial melting would also be expected, resulting in the higher LREE, 565 P and HFSE abundances of the youngest lavas. We suspect that a combination of these discussed factors may be 566 responsible for the difference between the two suites of lavas, and that a longer time-span of magmatic activity at 567 single sites should be analysed in greater detail, including with radiogenic isotope analyses, to determine if there 568 are genuine systematic changes in partial melting conditions and storage depths and timescales beneath Armenia. 569 570 Figure 8 . Th/Yb vs. Ta/Yb after Pearce (1983) with fields and vectors from Sugden et al. (2019) . The youngest 571
Karkar lavas fall clearly within the Syunik field, whereas the older lavas lie just above this field, similar to 572
Vardenis, the location of the Holocene Porak volcano. The FC vector was generated by Sugden et al. (2019) based 573 on fractionation of clinopyroxene, amphibole and plagioclase using modified partition coefficients to account for 574 the change from mafic to more evolved compositions. 575 576 577
6.3. Geothermal energy potential and future study 578 579
The two boreholes have encountered temperatures sufficient for geothermal power generation, but insufficient 580 porosity in the host rocks at such depths. The wells have been recommended for deeper drilling if electricity 581 generation is to be a reality (Gilliland et al. 2018 ). More thorough petrological, geochronological and geophysical 582 techniques may be applied to understand more fully the Karkar system. Recent eruptions are directly related to 583 actively extending components of the PSSF system, but the magmas which ascended these faults have previously 584 been stored in the crust, perhaps at quite shallow depths of << 10 km. It would be appropriate to do more detailed 585 geobarometry and geothermometry to properly constrain storage depths, and to engage passive seismic monitoring 586 as a means of determining the precise location of current magma reservoirs. We do not know the age or 587 emplacement history of the Dalidagh body or the quartz monzonite, so they are critical targets in establishing 588
whether these intrusive rocks are truly the heat source, or if it is a separate magma chamber or chambers associated 589 with the youngest Holocene volcanism. Collectively such studies should enable better targeting of future drilling to 590 identify sustainable heat sources. We also think a more thorough petrographic review is necessary to establish if 591 magma mixing is a viable eruption trigger, over what timescales this occurs (geospeedometry) and whether magma 592 mixing might therefore be detectable, using geophysical methods, as a precursor to future eruptions. A further 593
geological consideration relevant to Karkar is the extent to which ice unloading may be a factor in assisting 594 volcanism given that at least two eruptions took place at the end of the Pleistocene and beginning of the Holocene. 595
Ollivier et al. (2010) have already documented numerous moraines associated with retreat following the last 596 glaciation, at ~1500 m and above, and the uplands across much of the South Caucasus were at one time extensively 597 glaciated (Messager et al. 2013 ). Therefore, we posit that much more detailed geochronology will establish if 598 eruptive activity spiked during this period and has since waned, or if the eruption rate has remained consistent and 599 likely tectonically controlled, independent of glacial activity. 600
